Introduction
The hippocampus has a key role in Alzheimer's disease. Although the definition of 'hippocampal dementia' (Ball et al., 1985) has been greatly expanded and revised in the last 20 years, this structure remains nevertheless central to the understanding of the disease pathophysiology due to its role in the consolidation of memory, and sensitivity to the pathological lesions of Alzheimer's disease.
Under the assumption that the deposition of pathology leads to neuronal death and hippocampal tissue loss, much work has been conducted to appreciate atrophic changes of the hippocampus in vivo. Early computed tomography studies focused on indirect and direct signs such as the dilation of the temporal horns and thinning of the medial temporal lobe, and subjective rating scales were developed based on MRI as well as linear measures and protocols for volumetric measurements (Frisoni et al., 1996; Frisoni et al., 2002; Bosscher and Scheltens, 2002) . Such markers of medial temporal atrophy have been proposed mainly as diagnostic tools to improve the accuracy of the diagnosis of Alzheimer's disease and to predict the development of Alzheimer's disease in persons with mild cognitive impairment (Jack et al., 1992) , but have proved of little value to further the understanding of the pathophysiology.
Due to their intrinsic technical limitations, the above markers regard the hippocampus as a unitary structure, although this is hardly the case. The hippocampus, including strictly speaking subfields CA1-CA4, and the hippocampal formation, including also dentate gyrus, fimbria, subiculum and parasubiculum, is a highly sophisticated structure. Stimuli coming from the entorhinal cortex are processed by the dentate gyrus, subfields CA4 and CA3, before being projected outside the medial temporal lobe via CA1 or subicular efferent projections. Moreover, in addition to the unsurprising right-left specialization for verbal and visuospatial material (Papanicolaou et al., 2002) , some degree of anterior-to-posterior specialization has been shown by fMRI studies (Strange et al., 1999) .
The first attempt to detect local atrophic changes within the hippocampus in Alzheimer's disease that we are aware of dates back to the year 2000, when on 1.5T images Laakso and colleagues divided the volume of the hippocampus into anterior, middle and posterior sectors and found that volume reduction in Alzheimer's disease was equally distributed, while atrophy in frontotemporal dementia patients spared the middle and posterior sectors (Laakso et al., 2000) . More sophisticated probing tools based on diffeomorphic and mesh modelling but again on 1.5T images, were later able to map atrophic changes to areas of the surface of the hippocampal formation corresponding to the CA1 sector and part of the subicular area (Csernansky et al., 2000; Thompson et al., 2004; Frisoni et al., 2006) . Scanty in vivo data on 1.5T images are available on the local hippocampal changes associated with healthy ageing (Wang et al., 2003) . The contrast-to-noise ratio of 3T, twice that of 1.5T scanners, might significantly enhance the accuracy of mapping local hippocampal volume changes in patients with Alzheimer's disease and normal older persons. Although, shape analysis of the hippocampus at 3T has been carried out in autism, alcohol abuse and hippocampal sclerosis (Beresford et al., 2006; Nicolson et al., 2006; Eriksson et al., 2008) , this has never been carried out in Alzheimer's disease and healthy ageing.
The major goal of this study is to map the local structural changes that take place in the hippocampus of patients with Alzheimer's disease and assess their specificity towards healthy aging with the hypothesis that different hippocampal subregions are affected in Alzheimer's disease and ageing. To this avail, state-of-the-art 3T hardware for image collection has been used paired with an image post-processing algorithm based on 3D parametric surface mesh models. This approach, although requiring manual segmentation, has the advantage over less human-dependent techniques such as tensor-based morphometry (TBM) and voxel-based morphometry of much greater spatial accuracy (Leow et al., 2005; Hua et al. 2008; Morra et al., 2008) .
Methods Subjects
The study population consisted of 14 patients with moderate to severe probable Alzheimer's disease, diagnosed according to NINCDS-ADRDA criteria (McKhann et al., 1984) , and 14 healthy volunteers. Alzheimer's disease patients were recruited within a pharmaco fMRI study of memantine; data reported here are those at baseline. Patients were taken from those seen at the IRCCS Centro S. Giovanni di Dio Fatebenefratelli, in Brescia, Italy. Patients with clinical dementia rating of 2 or greater were included and patients scoring higher than 4 on Hachinski modified scale were excluded (Rosen et al., 1980) . Global cognitive function was assessed with the Mini-Mental State Examination (MMSE) (Folstein et al., 1975) . Normal controls were mostly patients' non-consaguineous relatives of similar age and no history of transitory ischemic attack (TIA) or stroke, head trauma, alcohol and substance abuse, corticosteroid therapy or recent weight loss. Standardized history taking, behavioural and functional assessment, physical and neurological examination and a comprehensive neuropsychological battery adequate to patients' cognitive impairment severity were carried out for all participants. The full neuropsychological battery included the coloured Raven's matrices, logical memory test, Rey's figure copy and recall, digit span, Corsi's spatial span, token test, letter and category fluency and trail making test. The original case report form of the clinical assessment may be accessed at http://www.centroalzheimer.it/ Public/ProtocolloMEM_T0.doc (in Italian). Table 1 shows that the two groups were not significantly different for age. Patients had 3 years less education, and included fewer males than controls. Controls spanned an age window of 15 years (66 to 81 years). The MMSE of patients spanned a large window of cognitive performance, from severe (MMSE 5/30) to mild impairment (MMSE 21/30), but were on average of moderate severity. Hippocampal volumes of Alzheimer's disease patients were consistent with expectations, exhibiting 30% and 35% tissue loss to the left and right relative to controls.
Written informed consent was obtained from all patients and normal controls or their primary caregivers, after discussion of the participation risks and benefits. No compensation was provided. The study was approved by the local ethics committee.
Magnetic resonance acquisition
The 3D high-resolution T 1 -weighted MRIs were acquired on a 3.0 T Siemens Allegra scanner at the Neuroradiology Unit of the Ospedale Maggiore Borgo Trento, Verona, Italy, with a standard head coil. Scans were acquired with gradient echo 3D technique with the following acquisition protocol: repetition time (TR) = 2300 ms, echo time (TE) = 3.93 ms, inversion time (TI) = 1100 ms, flip angle = 12 , gap = 50%, voxel = 1 Â 1 Â 1 mm, acquisition matrix = 256 Â 256, slice thickness = 1 mm, total number of slices = 160, acquisition time 8 0 37 00 .
Image processing
Images were reoriented along the anterior commissure (AC)-posterior commissure (PC) line, all voxels below the cerebellum were removed with MRIcro (www.psychology.nottingham.ac.uk/ staff/cr1/mricro.html) and the spatial coordinate origin was manually set to the anterior commissure. Images were normalized with the Statistical Parametric Mapping (SPM2) software (www.fil. ion.ucl.ac.uk/spm) to a customized template made of all patients and all controls with a linear (12 parameters) transformation to preserve local shape differences in anatomy across subjects so that they could be quantified in standardized space. Warping of one hippocampus to another was based on matching homologous points on a rectilinear surface mesh adapted to the structure boundary. The hippocampi were manually traced on the reoriented and normalized images. A single tracer blind to diagnosis (R.G.) outlined the hippocampal boundaries on contiguous coronal 1.0 mm thick sections following a standardized and validated protocol (Pruessner et al., 2000) using an interactive software program developed at the LONI (Laboratory of NeuroImaging), University of California at Los Angeles (http://www.loni.ucla.edu/ICBM/ ICBM_ResSoftware.html#seg3). Tracings included the hippocampus proper, dentate gyrus, subiculum (subiculum proper and presubiculum), alveus and fimbria ( Fig. 1) . Each hippocampus comprised approximately 30-40 consecutive slices, and tracing took about 40 min per subject. Normalized hippocampal volumes were obtained from the tracings on normalized images and retained for statistical analyses. Test-retest reliability on 20 subjects was good-intra-class correlation coefficients were 0.92 for the left and 0.86 for the right hippocampus.
Radial atrophy mapping
The 3D parametric surface mesh models were created from the manual tracings of hippocampal boundaries (Narr et al., 2004; Thompson et al., 2004) . This procedure allows measurements to be made at corresponding surface locations in each subject, which are then compared statistically in 3D (Thompson et al., 1996) . The 3D parametric mesh models of each individual's hippocampi were analysed to estimate local hippocampal volume loss in Alzheimer's disease compared with controls. To assess hippocampal morphology, a medial curve was automatically defined as the 3D curve traced out by the centroid of the hippocampal boundary in each image slice. The radial size of each hippocampus at each boundary point was assessed by automatically measuring the radial 3D distance from the surface points to the medial curve defined for individual's hippocampal surface model. Distance fields indexing local expansions or contractions in hippocampal surface morphology were statistically compared between groups at equivalent hippocampal surface points in 3D space .
It needs to be underlined that this technique may not work optimally in conditions where volumetric changes are symmetric and opposite, i.e. if atrophy occurred in the dorsal side while volume increase occurred in the ventral side, this could result in a non-significant finding due to the shifting of the centroid. However, growth is not expected in aging or Alzheimer's disease. Moreover, the use of the central axis is a strength as unlike automated registration methods such as voxel-based morphometry, it will be invariant to shifting of the structure in space, thus resulting in more accurate registration.
Statistical analysis
Atrophy maps were generated on 3D models of the hippocampal formation where the dorsal and ventral surfaces can be appreciated indicating local group differences in radial distance. The percent change relative to controls and the associated P-value maps were plotted onto a colour-coded model of the hippocampal surface. The statistical test for the group difference Alzheimer's disease Figures denote means AE SD [range] or n (%). P denotes significance on t-or 2 -test. Hippocampal volumes were normalized to cranial size of a reference template (see 'Methods section'). NS = not significant. versus controls was formulated as a two-tailed t-test (unpaired) at each surface vertex on the hippocampus, in which the radial distance values for each group were compared and the associated P-value computed and plotted as a measure of the effect size at each location, while separating positive and negative effects. For the correlation maps, the statistics were computed using linear regression at each surface vertex on the hippocampus.
Cytoarchitectural subfields were mapped onto the models based on an atlas where these are shown together with the corresponding magnetic resonance (MR) sections (Duvernoy, 1998; Frisoni et al., 2006) (Fig. 2) . Age was used as covariate to generate 3D maps of correlations with atrophy in healthy controls alone.
Overall P-values were computed for the left and right hippocampal formation maps using a permutation testing approach, measuring the distribution of features in statistical maps that would be observed by accident if the subjects were randomly assigned to groups (Thompson et al., 2003) . The overall P-value in permutation testing was computed by comparing the number of voxels exceeding a statistical threshold (the suprathreshold cluster was defined as voxels with significance P50.01) in the true labelling to the permutation distribution. This provides an approximate corrected P-value for the effects in the overall map, and intuitively it may be interpreted as the proportion of randomized maps that 'beat' the true map. The number of permutations N was chosen to control the standard error SE P of omnibus probability P, which follows a binomial distribution (Edgington, 1995) . We selected N48000 tests out of the total number of possible permutations (%10 23 ) such that the approximate margin of error (95% confidence interval) for P was around 5% of P, and 0.05 was chosen as the significance level.
Results
Effect of ageing and Alzheimer's disease on total hippocampal volumes Figure 3 details the distribution of normalized hippocampal volumes in patients and controls across age, showing that at any age, the volumes for patients tended to be lower than controls', despite some overlap. This was true mainly to the right where 13/19 Alzheimer's disease patients (68%) were below the 95% confidence limit for controls (sensitivity and specificity of 68% and 95%), while overlap was more substantial to the left (sensitivity and specificity of 53% and 95%). Mean hippocampal volumes in older controls decreased by 14% per decade between the ages of 65 and 85 years. Figure 4A shows that in controls older age was correlated with significant changes of hippocampal shape (P = 0.05 and P = 0.01 by permutation test for the left and right). Greater volume with older age mapped to small spots mainly to the right, located in the CA1, CA2-3 and subicular sectors of which only few voxels were significant. Lower volume with older age mapped mainly to medial and lateral regions in the body and tail encompassing the CA1 subfield. Subicular regions were affected bilaterally. Atrophy mapping to the dorsal aspect in the CA2-3 subfield proved to be significant in only a few voxels.
Effect of ageing on local hippocampal volumes
In order to directly compare the effect of older age with that of Alzheimer's disease (see 'Topographic overlap between ageing and Alzheimer's' section), percent difference maps and significance maps (Fig. 4B ) were computed (P = 0.04 and P = 0.03 by permutation test for the left and right) by contrasting the 9 older (age 78.6 AE 3.1, hippocampal volume 3482 AE 420 mm 3 to the left and 3844 AE 581 to the right) to the 10 younger control subjects (age 69.1 AE 2.2, hippocampal volume 4254 AE 576 and 4551 AE 532). As expected, these were remarkably similar to the correlation maps (Fig. 4A) .
Effect of Alzheimer's on local hippocampal volumes
The dorsal surface of the hippocampus showed atrophy in a large area encompassing most of the CA1 subfield, only the medial part of the hippocampal head being spared by atrophy (Fig. 5) and showed, on the contrary, a small and non-significant bulging. The area corresponding to the CA2-3 subfields was remarkably, although not altogether spared and again showed non-significant bulging in its posterior most part. On the ventral surface, the presubiculum was more affected than the subiculum in the head bilaterally, and in the body and tail a longitudinal strip in the subiculum was spared encompassing the midline. The permutation test was highly significant (P50.0005) on both sides.
Topographic overlap between ageing and Alzheimer's Table 2 shows a synopsis of the areas affected by atrophy in normal ageing and Alzheimer's disease. Figure 6 shows that the areas of substantial overlap between ageing-and Alzheimer's-associated atrophy were located mainly in the medial and lateral aspects of the tail bilaterally (Fig. 6C , left columns). In the dorsal aspect of the head and right presubiculum, ageing-and Alzheimer's-associated atrophy were never overlapping (Fig. 6C) , while areas of overlap were present in the subicular/presubicular region in the head and body mainly to the left (Fig. 6C, right columns) .
Discussion
Using high-resolution images acquired on a 3T scanner, we found that the hippocampus of Alzheimer's disease patients shows a topographic pattern of shape changes distinct only in part from that of healthy ageing. The dorsolateral aspect of the head (CA1 subfield) and the presubicular part of the head were affected only in Alzheimer's disease, the lateral part of the subiculum in the head was affected only in ageing and the lateral and medial aspects of the tail (CA1) were affected in both Alzheimer's disease and ageing. To our knowledge, this is the first study directly comparing the local changes that take place in the hippocampus during The results of the present study of Alzheimer's disease are in agreement with our own previous work with the same mapping technique on an independent group of mild to moderate patients scanned with a lower field strength (1.0T) scanner (Frisoni et al., 2006) , and with results from other groups (Wang et al., 2003; Apostolova et al., 2006; Becker et al., 2006) . With a completely different shape analysis algorithm applied to 1.5T images, the Washington University group of Csernansky and colleagues prospectively studied mild Alzheimer's disease patients and healthy older persons and found that atrophy affected the dorsal aspect of the hippocampus in the same CA1 areas that we found to be affected. In particular, the head was atrophic in its lateral but not in its medial part (Wang et al., 2003) . A later study by the UCLA group (Apostolova et al., 2006) confirmed these findings and further refined the description of the changes in the subiculum and presubiculum: in agreement with the present findings, their comparison of mild cognitive impairment (MCI) patients converting to Alzheimer's disease with those improving shows that in the body and tail the subicular area is spared in a region encompassing the midline. These findings in the subiculum and presubiculum were confirmed by a population-based study in the Honolulu Asia aging study (HAAS) cohort on 24 Alzheimer's disease patients and 102 controls (Scher et al., 2007) and again by Wang and colleagues in 49 very mild Alzheimer's disease patients and 86 non-demented older persons (Wang et al., 2006) . The hippocampus is affected early in Alzheimer's disease by neurofibrillary tangle deposition, spreading from the entorhinal cortex to the CA1 subfield and subicular region, then to the CA2-3 subfields, the CA4 subfield and finally the neocortex (Schonheit et al., 2004) . Therefore, while involvement of the subiculum/presubiculum and CA1 subfield with sparing of CA2-3 subfields can easily be accounted for and has been confirmed in vivo with ad hoc MR image acquisition protocols (Adachi et al., 2003) , the local differences within subfields are less easily explained. In particular, why in the head are the medial dorsal aspect of CA1 and the ventrolateral (subicular) area spared? And why in the body and tail, is a longitudinal strip in the subiculum encompassing the midline also spared? It is tempting to hypothesize that these non-atrophic areas correspond at least in part to the presubiculum, believed to be relatively spared in Alzheimer's disease (Hyman et al., 1984; Van Hoesen and Hyman, 1990) . While functional differences of the anterior versus posterior hippocampus are well known (Strange et al., 1999) , those in the transverse dimension (medial versus lateral) have been less deeply investigated. Pathological studies show that the CA1 subfield, subiculum proper and entorhinal cortex have a somatotopic organization. CA1 cells located closest to CA2 tend to innervate the most distal portion of the subiculum (closest to the presubiculum), whereas CA1 cells located close to the subiculum projected just across the CA1 subicular border (Tamamaki and Nojyo, 1990; Amaral et al., 1991) . In the rat, projections originating from subicular cells close to CA1, i.e. lateral ventral hippocampal region, terminate exclusively in the lateral entorhinal cortex and in the perirhinal cortex, while projections from cells closer to the subiculum-presubiculum border, i.e. medial distal part of subiculum terminate in the medial entorhinal cortex (Kloosterman et al., 2003) . These observations indicate that the subicular and presubicular cortex have a different structure and, likely, function, but how this should be interpreted in the framework of Alzheimer's disease symptoms will need to be elucidated in future studies.
The interpretation of our results in aged cognitively healthy people in light of previous in vivo and pathologic studies is even more arduous, given the scant literature available. Cellular and neurochemical changes in the hippocampus with ageing show remarkable heterogeneity in that decremental changes are not invariable in all hippocampal structures. For example, pyramidal cells are lost in the subiculum between age 30 and 60 years (Trillo and Gonzalo, 1992) , but stabilize thereafter (West and Gundersen, 1990; Trillo and Gonzalo, 1992) , while cell loss in the presubiculum and CA1 subfield is more linearly associated with increasing age at least until the mid-eighties (West and Gundersen, 1990; Trillo and Gonzalo, 1992) . Although, this observation is inconsistent with our finding of greater atrophy in the subicular than presubicular region in our cognitively healthy persons aged 58 to 81 years, the in vivo study by Wang and colleagues (Wang et al., 2003) using MRI reported findings consistent with our own. That study found that normal ageing is associated with atrophy of the lateral and medial aspects of the tail in an area largely encompassing the CA1 subfield, and that atrophy in the dorsal aspect of the head maps to regions distinct from those atrophic in Alzheimer's disease (Wang et al., 2003) .
Strengths of the present study are the use of images acquired at 3T and the image post-processing technique with surface mesh modelling. Studies of the hippocampus at 3T are still but few. Briellmann and colleagues (Briellmann et al., 2001 ) have compared the accuracy of 1.5 and 3T scanning to study the hippocampus in eight adult healthy persons scanned twice at both 1.5 and 3T. They manually segmented the hippocampi, and showed that hippocampal volumes were not different. However, this finding is not surprising since the computation of overall hippocampal volume averages out the error variance of local tracing, whatever its size. On the contrary, in the case of shape analysis decreasing the error variance of local tracing is of the greatest relevance to enhance the accuracy of topographic localization of the local volumetric changes. It is therefore reasonable that the greater tissue contrast in 3T scans may be beneficial to shape analysis. Shape analysis at 3T has been carried out in autism, alcohol abuse and hippocampal sclerosis (Beresford et al., 2006; Nicolson et al., 2006; Eriksson et al., 2008) showing relatively specific patterns of shape changes, but the present is the first study that we are aware of on ageing and Alzheimer's disease.
The surface mesh modelling that we used in the present study, although requiring segmentation of the hippocampus by a human hand, has some advantages over automated voxel-based methods. For purposes of comparison, we previously computed hippocampal volume from TBM, which estimates anatomical structure volumes from a deformation transform that re-shapes a mean anatomical template onto each individual scan (Morra et al., 2008) in a group of seven controls, seven MCI and seven Alzheimer's disease patients and found that TBM-derived hippocampal volume measures correlated poorly with MMSE score (r = 0.126; P40.05). Some reasons why TBM may not be optimal for hippocampal volumetric study are detailed elsewhere (Becker et al., 2006; Frisoni et al., 2006; Hua et al., 2008) . TBM is typically best for assessing differences at a scale greater than 3-4 mm (the typical resolution of the spectral representation used to compute the deformation field) (Leow et al., 2005; Hua et al., 2008) . For smaller scale effects, direct modelling of the structure, e.g. using surfacebased geometrical methods, may offer additional statistical power to detect subregional differences. Direct assessments of hippocampal volume by our radial mapping algorithm correlated better than TBM with MMSE scores, and explained a substantial proportion of their variance even in this relatively small sample (r $ 0.6; P50.01).
Some limitations of this study should be acknowledged. First, the small number of subjects is certainly something that future studies on larger datasets such as that of the Alzheimer's Disease Neuroimaging Initiative will be able to address. Second, our sample of cognitively healthy older persons allowed us to assess age effects only in the restricted age window between 67 and 75 years. Third, cases and controls were not well balanced for gender. The effect of gender on hippocampal morphology is, if any, much lower than that of ageing and Alzheimer's disease. Some studies suggest greater hippocampal volumes in men (Murphy et al., 1996) , others in women (Golomb et al., 1993 , Pruessner et al., 2001 and others no effect (Coffey et al., 1998; Jack et al., 1998) , so better matching will allow more accurate estimates. Lastly, the small group size for the Alzheimer's disease patients prevented the study of the effect of disease severity on local atrophy and, as a consequence, the chronology of atrophy progression in Alzheimer's disease and normal ageing. 
